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ABSTRACT 
Global mean surface temperatures are increasing. All ecosystems are likely to be affected  and there is much interest at 
present in predicting the effects. In freshwater environments, we expect to observe, among other things, effects similar to those 
observed under eutrophication, such as increases in zooplankton population density and biomass as a result of enhanced population 
growth rates. Lago Maggiore underwent rapid eutrophication during the 60s and 70s, with a return to oligotrophy during the 80s 
and the 90s. Thus, it provides a case study to test the hypothesized eutrophication-like effects of recent climate warming. More 
specifically, we compare zooplankton biomass and density during the exceptionally warm years of the recent oligotrophic phase with 
values during the non-warm years of oligotrophy, and during years of the mesotrophic phase. This permits an analysis of 
zooplankton biomass and density with respect to temperature increase compared with the effects of eutrophication. Zooplankton 
population density and biomass sharply increased in 2003, the warmest year of the last century, as a result of Cladocera, 
particularly Daphnia, attaining values typical of the mesotrophic phase. These values were  exceptional compared to typical values 
and were strongly different from those attained during cooler years since re-oligotrophication. Mean annual values of zooplankton 
density and biomass recorded in 2003 were fully comparable to  typical values during the mesotrophic period. This observation 
confirms the hypothesis of an overall eutrophication-like effect of climate warming. Seasonal trends, characterized by an earlier start 
of population growth, are consistent with the effects of an increase in water temperature, as observed in laboratory experiments on 
the reproductive and growth strategies of Daphnia. 
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1. INTRODUCTION 
Greenhouse gases are steadily warming the Earth. 
An increasing number of studies, using different 
approaches, have been made on a regional scale in an 
attempt to analyze the responses of different ecosystems 
to this warming trend, and to predict its future effects. 
Climate change can alter temperature regimes in fresh-
water ecosystems, and this variation inevitably affects 
the community dynamics of freshwater populations 
(Persaud & Williamson 2005). In particular, the 
response of lakes to climate change deserves further 
investigation, as we are far from understanding the 
potential effects of global warming and climate change 
on the different components of lake biota (De Stasio et 
al. 1996).  
Small planktonic crustaceans, particularly cladocer-
ans, are highly sensitive to environmental change (Hall 
& Burns 2002). Variations in the physical environment, 
particularly in water temperature, may affect the struc-
ture of their populations by modifying biological proc-
esses such as survival, growth and reproduction rates 
(Hall & Burns 2002), as well as the structure and sea-
sonal dynamics of planktonic communities.  
So far, most studies on climate change have focused 
on remote, oligotrophic sites, characterized by harsh 
conditions and a relatively low anthropogenic impact. 
The lakes are mostly small, with simple and short food 
webs that often lack top predators. Therefore, meteo-
climatic signals are not overridden by trophic dynamics 
mechanisms. 
The hypothesis behind this approach is that nutrient 
enrichment prevails over climatic forcing. However, we 
do not have enough evidence on trophy-climate interac-
tion, and on the role of direct/trophy-mediated response 
to climate change to confirm this hypothesis. Further-
more, we do not know whether the impact of climate 
and of meteo-climatic events depends on lake trophy.  
According to the literature, warming should have 
effects on aquatic ecosystems comparable to those of 
eutrophication (e.g., Schindler 2001). However, we 
need more evidence on the impact of warming on lakes 
under different trophic conditions. After eutrophication 
became evident in many lakes in the late 60s, restoration 
plans were implemented to return some of the lakes to 
their original trophic condition. In most cases, a resil-
ience in the response to nutrient abatement was 
observed, and a full reversal to pre-eutrophication 
planktonic communities was not attained. If these sys-
tems are now subjected to a warming trend that is simi-
lar to eutrophication in its consequences but cannot be 
controlled through direct intervention as nutrient inputs 
could be, the results might be even more dramatic than 
those observed during nutrient enrichment. These 
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effects might also be entirely non-reversible, particu-
larly for systems which are already highly productive.  
To investigate the interaction between climate 
warming and trophy, long-term data covering both the 
eutrophication and re-oligotrophication phases of a lake 
can be extremely useful. They allow us to identify 
exceptional events which may have occurred in the 
same environment during different periods of trophy, 
and to use them as in situ quasi-experiments sensu 
Edmondson (1993).  
Lago Maggiore (Italy) is a site where lake trophy 
and climate warming have been recorded over the last 
60 years, through integrated monitoring of the lake and 
its watershed. This monitoring program allowed for a 
comparison of zooplankton population density and bio-
mass during warm/temperate years of the meso- and of 
the oligotrophic phases. Based on pluri-annual data on 
zooplankton (de Bernardi et al. 1988, 1990; Manca et 
al. 1991; Manca & Ruggiu 1998, Manca et al. 2007a), 
we identified two exceptionally warm years of the 
mesotrophic and recent oligotrophic phases (1982 and 
2003 respectively). Then, each of them was compared to 
a temperate year (i.e., years that were not different from 
the adjacent four years of the period) of the same phase 
(Tab. 1). We hypothesized that in warm years we would 
observe (with respect to temperate years: i) an increase 
in total zooplankton biomass; ii) an increase in 
Cladocera abundance; iii) an increase in Daphnia 
population density. 
2. MATERIAL AND METHODS 
The exceptionally warm year 2003, during the 
oligotrophic period, and the warm year 1982, during the 
mesotrophic period, were compared to "normal" (tem-
perate) years - 2001 and 1983, respectively - during the 
same trophic phases (Tab. 1). We analyzed biomass, 
mean annual population density and community struc-
ture of pelagic zooplankton, based on data collected by 
the zooplankton ecology and population dynamics 
research unit (1978-1999) and the Lago Maggiore 
monitoring program (funded by the Swiss-Italian Com-
mission for the Protection of Lago Maggiore Waters: 
1978-today) at CNR-ISE, Verbania, Italy. Samples from 
the upper 50 m water depth (the layer in which most 
zooplankton organisms live; de Bernardi 1974) were 
collected at a station (Ghiffa) representative of the 
pelagic zone. Sampling frequency was monthly over the 
autumn-winter period and weekly over spring and 
summer. Two Clarke-Bumpus plankton-samplers (nylon 
nets of 126 µm and 76 µm used in parallel) enabled us 
to collect both small (basically rotifers, immature stages 
of copepods and small Bosmina) and large zooplankton 
organisms from a boat moving at a low, constant cruise 
speed (0.6 m s-1), to allow the filtration of at least 1000 
L of lake water (de Bernardi 1984). The resulting sinu-
soidal sampling trajectory allowed us to collect inte-
grated samples, almost unbiased by the occurrence of 
plankton swarms (horizontal integration) and fully rep-
resentative of pelagic crustacean zooplankton, which is 
mainly distributed within the upper 50 m of the water 
column. The samples were preserved in pure (99% vol-
ume) ethanol. On each sampling date, water transpar-
ency (Secchi depth) and the water temperature vertical 
profile (thermistore thermometer) were recorded. The 
standing stock biomass (dry weight, mg m-3) was cal-
culated from individual body length measurements on 
each sample, by applying length/weight regression 
equations (McCauley 1984; Manca & Comoli 2000). 
The egg ratio (E/Nad) of Daphnia is given by the num-
ber of eggs (E) divided by the number of adults (Nad). 
This ratio was used to detect changes in food availabil-
ity (de Bernardi 1974; Lampert 1988; Manca et al. 
2000), as enhanced food conditions result in increased 
allocation of energy and matter for egg production 
(Manca & de Bernardi 1987). 
We used non-parametric statistics (LSD, Least Sta-
tistical Difference; Statistica, ver. 6) to test the signifi-
cance of differences in Daphnia population densities 
between  periods with differing combinations of trophic 
state and warm versus temperate weather. 
3. RESULTS 
All monthly mean water temperatures recorded in 
2003 were higher than those of the period 1963-2002 
(Fig. 1A). The greatest differences were apparent in late 
summer, from July through September. Maximum val-
ues along the 50 m depth-profiles were also greater in 
2003 than in 2001; the July and August values differed 
by fully 5 °C and 4 °C, respectively (Fig. 1A). Further-
more, water warming started a few weeks earlier in 
2003 than in 2001 (in early, rather than late, April). 
Similarly, monthly mean and maximum water tem-
peratures were higher in 1982 than in 1983, the refer-
ence year for the mesotrophic phase (Fig. 1B). 
Total zooplankton biomass in the warmer year was 
higher than that attained in the "normal" year during 
both the mesotrophic and the oligotrophic periods (Fig. 
2A). However, this increase was driven by copepods 
and rotifers during the mesotrophic phase, whereas in 
the recent, oligotrophic period, it mainly resulted from 
Tab. 1. Basic characteristic of the Lago Maggiore ecosystem during warm and temperate years 
in the mesotrophic and oligotrophic periods. TP = Total Phosphorus. 
 During mesotrophy During oligotrophy 
characteristic warm temperate warm temperate 
year 1982 1983 2003 2001 
TP at spring mixing 22-23 µg L-1 10-11 µg L-1 
Total pelagic fish (profes. catch) 650 t y-1 200 t y-1 
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an increase in Cladocera, while the biomass of rotifers 
actually decreased. Colonial rotifers of the Conochilus 
unicornis-hippocrepis group were abundant during the 
initial phase of lake re-oligotrophication when Daphnia 
declined but were returning to more typical levels dur-
ing this assessment (Manca et al. 2000). 
The contribution of Cladocera to the mean annual 
population density of total zooplankton did not change 
in the warm year with respect to the normal one of the 
mesotrophic phase (Fig. 2B). The observed increase in 
population density and biomass was driven by the roti-
fers and the copepods, and the relative importance of 
rotifers was markedly higher. For the recent oligotro-
phic period, the relative contribution of Cladocera to 
total zooplankton population density was twice as great 
in the warm year as in the normal one. While the popu-
lation density of Cladocera was only slightly higher in 
1982 than in 1983, it was consistently greater in 2003 
than in 2001, and attained a value comparable to that 
achieved in 1982, when the lake was mesotrophic (Fig. 
3A). The increase was driven by Daphnia, which 
reached truly exceptional levels: both mean and peak 
densities were three times higher than in 2001. Further-
more, 2003 densities were very similar to the density 
recorded in 1982, when Daphnia populations levels 
reached their historical maximum for the period of 
mesotrophic conditions (1978-1987; Fig. 3B; de Bernardi 
et al. 1988; Manca & de Bernardi 1992). 
Daphnia population densities in 2003 were statisti-
cally different from those observed in the period 1999-
2002, but not from those observed in 1982, the warm 
year of the mesotrophic period (Tab. 2). Daphnia 
population densitities in 1982 did not differ from those 
observed in the adjacent four years of the same trophic 
phase (1983-1986), which were, however, statistically 
different from those observed during the more recent 
oligotrophic phase (1999-2002).  
A comparison of the values of the egg ratio (E/Nad) 
before the numerical growth phase of 2001 and 2003 (in 
April: 3.5 with respect to 7) suggests that the Daphnia 
increase of 2003 was driven by a higher fecundity of the 
population observed over the entire spectrum of moth-
ers' body-sizes (i.e., size-aspecific) Manca et al. (2008), 
attributable to enhanced food conditions. The increase 
in Daphnia population density was accompanied by an 
increase in water transparency (Secchi depth from 5 to 
Fig. 1. Water temperatures in the upper 50 m of Lago Maggiore, comparison between a warm and a temperate year, A: during 
oligotrophy (2003/2001) and B: during mesotrophy (1982/1983). 
 
Fig. 2. Changes in zooplankton biomass recorded with warming; A: comparison between warm and temperate years during 
oligotrophy and mesotrophy; B: contribution (%) of copepods, rotifers and cladocerans to the total zooplankton biomass attained in 
the four different years (for explanation see Tab. 1). 
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8.5 m), suggesting a more effective control of phyto-
plankton growth and an increased efficiency of the 
grazing food chain. 
 
Tab. 2. Pairwise comparison (LSD test) of Daphnia
population densities in exceptionally warm and
temperate years during oligotrophic and mesotrophic
periods. W=warm; T=temperate; O=oligotrophy;
M=mesotrophy. 
 p treatments 
2003 vs1982 0.7859 WO/WM 
2003 vs 1999-2002 0.0026 WO/TO 
2003 vs 1983-86 0.4320 WO/TM 
1982 vs 1999-2002 0.0336 WM/TO 
1982 vs 1983-86 0.4295 WM/TM 
1983-86 vs 1999-2002 0.0178 TM/TO 
4. DISCUSSION 
The proximate responses of Cladocera to warming, 
and particularly the increase in Daphnia population 
density to levels exceptional for the years following re-
oligotrophication of Lago Maggiore, seem to be driven 
by bottom-up mechanisms, as suggested by indirect 
indicators of food conditions. We may hypothesize that 
they were related to enhanced food availability, as 
warming may result in faster numerical growth of the 
small planktonic organisms that constitute high-quality 
food for herbivorous Cladocera, and particularly for 
Daphnia. This interpretation is consistent with the idea 
that the response of organisms to warming will likely 
depend on their developmental times, and furthermore, 
that reaction time will depend on the body size and 
therefore on the trophic role of the organism. 
In addition, data on professional fishing (Tab. 1) 
suggest that the two years we used to assess the impact 
of warming during the mesotrophic period (early 80s) as 
compared to the oligotrophic period were fully compa-
rable. This means that the effects of fish predation can 
be excluded, although there is evidence that vulnerabil-
ity to predation can change at a stable fish stock, also as 
a result of changes in the physical environment (Manca 
et al. 2007a). However, the fact that the increase in egg 
ratio was size-aspecific supports the interpretation of a 
bottom-up control (Manca & Marchitelli 2004). Being 
observed in April, we can also exclude a role of inverte-
brate predators, which, by removing smaller-sized indi-
viduals, can promote an increase in fecundity and stabi-
lize the prey population thus preventing its extinction 
(de Bernardi 1974; Polishchuk 1995; Manca et al. 
2008). 
On an annual basis, the population density and bio-
mass in the warm year of the recent oligotrophic period 
were comparable with those in the warm year of the 
mesotrophic phase. However, the actual Daphnia 
population's phenology has changed over the long-term: 
in 1983-1986 the population peak density was detected, 
with only slight variations, in mid-July, while in the 
most recent period (2000-2003) it occurred, again with 
very low variability, two months earlier (Fig. 3B). The 
change in phenology is consistent with a temperature-
driven pattern resulting from a direct effect of tempera-
ture on growth and developmental time (Hall & Burns 
2002), as well as from indirect effects related to changes 
in the lake thermal stratification regime (Manca et al. 
2007a). 
5. CONCLUSIONS 
The results of our study suggest that in exceptionally 
warm years of the oligotrophic phase, mean annual zoo-
plankton biomass reached high values, fully comparable 
with those recorded during the lake’s mesotrophic 
period. However, in Lake Maggiore, the increase was 
driven by rotifers and copepods during the mesotrophic 
period, and by the Cladocera during the recent oligotro-
phic period. 
The relative abundance of Daphnia within the 
Cladocera and its peak population density in the warm 
year of the oligotrophic period (2003) were comparable 
to levels recorded during the mesotrophic period. 
Indeed, Daphnia density was very close to the record 
level reached in 1982, thus supporting the hypothesis 
Fig. 3. Population densities (ind m-3) of Lago Maggiore's zooplanktonic cladocerans in warm and temperate years of  the
mesotrophic and oligotrophic phases; A: mean annual densities of Bosmina, Diaphanosoma and Daphnia; B: peak values and timing 
(horizontal bars referring to SE of the means ) of Daphnia. 
 
Eutrophication-like response to climate warming 91
that warming may result in an eutrophication-like 
signal. 
As suggested by the egg ratio (E/Nad), Daphnia 
density increase in the warm year of the oligotrophic 
phase resulted from enhanced food conditions. The 
increase in Daphnia is accompanied by an increase in 
water transparency – suggesting the enhancement of the 
top-down control of phytoplankton growth – and by a 
decrease in the colonial rotifer populations, which had 
increased along with the Daphnia decline (long-term 
data; Manca et al. 1994; Manca & Sonvico 1996; 
Manca et al. 2000). 
However, although 2003 showed zooplankton bio-
mass and density levels that were generally similar to 
those observed during the mesotrophy, relevant differ-
ences are evident when the seasonal dynamics are com-
pared. Whereas, in the past, the peak density of the 
Daphnia population was recorded with low variation 
around mid-July (de Bernardi 1974), in the most recent 
period, as a "long-term" consequence of climate warm-
ing and of an earlier onset of thermal stratification 
(Manca et al. 2007a), Daphnia population density peaks 
about 2 months earlier than in the past. This result sug-
gests that changes in population phenology are probably 
of key importance for distinguishing responses related 
to warming versus eutrophication, and for investigating 
the mechanisms through which water temperature or 
nutrient enrichment can act on zooplankton populations. 
However, in an aquatic environment like the large 
and deep Lago Maggiore, in which the efficiency of the 
pelagic food web is mainly controlled by top-down 
mechanisms (de Bernardi & Jørgensen 1998; Manca et 
al. 2007 b), we can expect that direct effects of water 
temperature increases (i.e., higher density levels due to 
faster growth rates of the populations) will be temporary 
and, in the long term, of minor importance relative to 
indirect effects mediated through the food chain (Manca 
et al. 2007a).  
According to the European Environmental Agency, 
changes in phenology are crucial for understanding and 
predicting the impact of global warming on aquatic eco-
systems. While the short-term response will be related 
to a direct impact on aquatic ecosystems, the long-term 
impact (i.e., stable changes) will be related to indirect 
(i.e., ecosystem-mediated) mechanisms. 
We showed that data on the zooplankton of lakes 
which have undergone both eutrophication and re-
oligotrophication are crucial for testing exceptional 
patterns and short-term responses to global warming. 
However, the establishment of new scenarios and the 
long-term consequences of climate warming will almost 
certainly be the result of gradual transitions and eco-
system-mediated patterns. 
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